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INTRODUCTION
The liver has extraordinary regenerative capabilities, a phenomenon that has been known for centuries [1] . Historically, partial hepatectomy in rodents has been one of the most studied experimental models, revealing amazing molecular and cellular mechanisms behind liver regeneration [2] . Partial hepatectomy is highly reproducible and results in a proliferative stimulus of the residual liver mass that is mediated by tissue-specific mechanisms in the absence of significant cell death. The use of genetically engineered mice has also facilitated the study of molecules and signaling pathways that participate in liver regeneration [3] . In recent years, global gene-expression profiling has been used to elucidate the complex cascade of molecular events that regulate liver regeneration.
Although partial hepatectomy has been used as an experimental model for decades, contributing to the understanding of physiologic principles of initiation and termination of liver regeneration, partial hepatectomy does not necessarily reflect the regenerative process during human disease. Liver regeneration in patients is influenced by numerous factors, including tissue necrosis, innate immunity, and varying degrees of acute or chronic inflammation. New approaches to investigating the liver seek to provide novel insights into regeneration, homeostasis, and disease. Herein, we will highlight three promising areas of investigation. First, although hepatic polyploidy has been extensively characterized, pervasive aneuploidy in normal liver tissue was recently described. New studies suggest that random hepatic aneuploidy promotes adaptation to chronic liver disease. Secondly, liver function is controlled by more than just hepatocytes. New research aims to elucidate how the different cell types within the liver coordinate to regulate liver function. Thirdly, liver function is influenced by the architecture of the organ. Current efforts utilizing organ bioengineering technology seek to elucidate how the three-dimensional architecture, extracellular matrix content, and different cellular interactions affect liver function.
ANEUPLOIDY AND POLYPLOIDY IN LIVER REGENERATION
The composition of the liver changes dramatically with age. Whereas hepatocytes in young individuals are relatively small and uniform in size, adult hepatocytes vary considerably in cell and nuclear size, number of nuclei per cell, and DNA content per nucleus. Many of the striking morphological changes associated with liver aging involve hepatic polyploidy (i.e., a numerical change in the entire complement of chromosomes). Hepatocytes are either mononucleate or binucleate, and ploidy is determined by the number of nuclei per cell as well as the ploidy of each nucleus [4] . Polyploid hepatocytes can be tetraploid (e.g., binucleate with two diploid nuclei or mononucleate with a single tetraploid nucleus), octaploid (e.g., binucleate with two tetraploid nuclei or mononucleate with a single octaploid nucleus), and so on. Hepatocytes are almost exclusively diploid in young individuals, and the degree of polyploidy increases with age. Polyploidy characterizes up to 90% of adult hepatocytes in mice [5] and approximately 50% in humans [6 && ]. The primary mechanism for polyploidization involves failed cytokinesis and is related to alterations in insulin/AKT signaling [4, 7, 8] . Although polyploid hepatocytes were documented over a century ago [9] , the specialized role played by these cells in liver homeostasis, regeneration, and disease is poorly understood.
Polyploid hepatocytes are historically thought to have limited mitotic capacity [10] , but it has become apparent that polyploid hepatocytes are actually highly proliferative [5, [11] [12] [13] . Octaploid mouse hepatocytes, isolated by fluorescence activated cell sorting and transplanted into mice undergoing liver failure, proliferate extensively to repopulate the entire host liver [5] . During regeneration, proliferating polyploid hepatocytes produce daughters of equal or greater ploidy, depending on the outcome of cytokinesis. Surprisingly, they also generate progeny with reduced ploidy. For example, transplanted octaploid hepatocytes produced octaploid and hexadecaploid daughters, as expected, but they generated near-tetraploid and near-diploid progeny as well. Time-lapse imaging shows that proliferating polyploids establish multiple spindles early in mitosis [5] . In most cases, spindles reorient into a bipolar arrangement, but in 5% of divisions the spindles never coalesce, and multipolar nuclear segregation ensues. Multipolar cell divisions generate three or more nuclei in a single division; a subset of daughter nuclei inherit reduced nuclear content compared to the parental cell.
The formation of multipolar spindles by polyploid hepatocytes affects the fidelity of nuclear segregation [5] . Chromosomes can distribute unevenly during segregation toward multiple poles. Additionally, even in the majority of cases in which transient multipolar spindles resolve into a bipolar orientation, chromosomes are frequently excluded from the daughter nuclei. These 'lagging' chromosomes arise from merotelic chromosome attachments. As hepatocytes become polyploid in the postnatal period when growth and regeneration are ongoing, the overall result is that most hepatocytes are aneuploid, a condition defined by the gain or loss of whole chromosomes. Aneuploidy is seen in approximately 70% of adult mouse hepatocytes [5, 14] and 30-90% of adult hepatocytes in humans [6 && ]; chromosome rearrangements are rarely detected. This high-degree aneuploidy is random, affecting all chromosomes equally, and occurs in healthy individuals lacking evidence of tumorigenesis. The process by which hepatocytes polyploidize, become aneuploid, and undergo ploidy reversal is called the 'ploidy conveyor' [5] . Aneuploidy is seen in many different healthy tissues, including blood, skin, brain, and placenta [15] [16] [17] , albeit at much lower levels compared to the liver. Thus, the high incidence of random aneuploidy in the healthy liver is striking and suggests
KEY POINTS
Polyploidy and aneuploidy are common in normal livers. Hepatic aneuploidy can promote adaptation to chronic liver injury.
Liver nonparenchymal cells can modulate hepatic regenerative responses.
Cell-cell contacts are important in limiting liver failure and regeneration.
Hepatocytes from end-stage cirrhotic livers can recover their secretory and metabolic function.
Organ engineering technology can facilitate the study of the complex cellular interactions in the liver. that this process could play some sort of physiological role.
How do aneuploid hepatocytes affect liver function? Taking a cue from the yeast literature [18] [19] [20] [21] , a compelling new idea suggests that aneuploidy is beneficial and promotes adaptation to chronic injury via a multistep process [22 && ]. First, extensive aneuploidy creates a high level of genetic diversity within the liver. Chromosome gains and losses impact the overall level of gene expression. Moreover, up to 10% of genes are monoallelically expressed, leading to complete loss-of-function of a large number of genes in cells with monosomies [23]. In the healthy adult, heterogeneous hepatocytes collaborate to maintain normal liver function. Secondly, although continuous exposure to liverspecific toxins kills the vast majority of hepatocytes, a subset of aneuploid hepatocytes emerges that is refractory to liver damage. Cells with injuryresistant karyotypes either pre-exist in the liver or they arise by multipolar divisions by polyploid hepatocytes. Finally, injury-resistant aneuploid hepatocytes respond to regenerative signals and proliferate to restore liver mass and homeostasis. The notion of proadaptive aneuploidy in the liver was recently validated in a mouse model of hereditary tyrosinemia [22 && ]. In response to tyrosinemia, which ordinarily leads to liver failure and death, most of the hepatocytes in the liver quickly became pale and sickly. However, a subset of hepatocytes dispersed randomly throughout the liver remained healthy and expanded tremendously. Tyrosinemiaresistant hepatocytes protected the liver and prevented death of the animal. Karyotype analysis demonstrated that tyrosinemia-resistant cells share a common chromosome abnormality, monosomy of chromosome 16. Thus, these observations prove that hepatic aneuploidy can greatly promote liver regeneration, especially in the context of liver disease.
The extent to which hepatic aneuploidy affects health, regeneration, and disease in humans is a mystery. Preexisting aneuploidy could serve as 'first hit' en route to tumor formation. However, considering the high degree of hepatic aneuploidy and the paucity of spontaneous liver cancer, it is clear that aneuploidy is not always a predisposition for liver cancer. Alternatively, and perhaps more importantly, hepatic aneuploidy could promote stress-induced liver regeneration, similar to what was seen in mice. In the case of hepatitis C infection, for example, it was shown that up to half of noncancerous cirrhotic nodules were clonal [24, 25] . It is therefore possible that such clonal nodules were derived from aneuploid hepatocytes resistant to hepatitis C; and rigorous testing of this hypothesis remains to be performed. Currently, it is tantalizing to consider how naturally occurring hepatic aneuploidy or induced aneuploidy might facilitate liver regeneration in the context of other diseases. New therapies or diagnostic tools centered on hepatic aneuploidy may become viable strategies in the future.
LIVER MICROENVIRONMENT AND REGENERATION
The function and morphogenesis of tissues, including the liver, is heavily influenced by the biophysical configuration and biochemical properties of the cellular microenvironment. Emerging evidence indicates that organ-specific factors (e.g., chemokines, growth factors, and extracellular matrix) and cell types (e.g., macrophages, stellate cells, sinusoidal endothelial cells, and bile duct cells) influence the myriad functions of hepatic cells during homeostasis and pathological conditions.
It is well established that liver progenitor cells become activated when hepatocyte functional/ regenerative capacity is impaired [3, 26] . In a recent important work, Boulter et al. [27 && ] showed that the fate of bipotential progenitors is influenced by injury-specific changes in the progenitor niche. This elegant study demonstrated a role for Kupffer cells in the expansion of hepatic progenitor cells. In response to the phagocytosis of biological debris, which occurs during hepatocellular regeneration induced by choline-deficient ethionine (CDE) supplemented diet in mice, macrophages express Wnt3a. Secretion of Wnt3a by Kupffer cells induces neighboring progenitor cells to express Numb, which then suppresses Notch transcriptional targets, including cholangiocyteassociated genes. Differentiation of progenitor cells preferentially along the hepatocytic lineage promotes replacement of the damaged hepatocytes. Consistent with the idea that Kupffer cell activity attenuates progenitor cell differentiation, systemic ablation of macrophages using clodronate liposomes caused an increase in ductular structures in livers of mice undergoing hepatocellular injury. Whether this effect can be achieved by depletion of exclusively Kupffer cells will have to be elucidated.
These new data raise the exciting possibility that Kupffer cells (through Wnt pathway) can change the balance of ductular reactions and direct the differentiation abilities of progenitor cells following toxin-mediated injury. This observation could aid in the development of new diagnostic tools, as well as treatment modalities to improve liver regeneration.
Resident natural killer (NK) cells, the major lymphocyte population in the liver sinusoids, have also been implicated in promoting liver regeneration [28 & ]. Release of extracellular ATP by stressed cells or necrotic cells functions as a potent 'find-me' signal for recruitment of phagocytes [29] . The release of endogenous nucleotides, like ATP, also functions to modulate cellular crosstalk, injury, and proliferation during liver regeneration [30] . In a recent work, Graubardt et al. [28 & ] showed that NK cells express markers of activation and cytotoxicity, P2 type receptors, after partial hepatectomy in response to ATP release by necrotic cells. To demonstrate a direct correlation between NK cells and extracellular ATP release, ATP phosphohydrolase, an enzyme that induces clearance of extracellular ATP, was administered and markers of cell replication assessed. Surprisingly, animals that received ATP phosphohydrolase after partial hepatectomy showed elevation of cellular replication. This work suggests the possibility that manipulation of the immune system could accelerate the restoration of liver tissue following injury.
Chronic tissue injury caused by ischemia, autoimmunity, or numerous other processes results in changes in the composition of the extracellular matrix, leading to hepatic dysfunction and liver failure. Our group recently demonstrated the importance of the liver microenvironment during advanced cirrhosis [31 && ]. Liu et al. showed that cells derived from cirrhotic livers with decompensated function had severe alterations in gene expression, as well as defects in proliferative capacity. Repopulation experiments proved that hepatocytes from rats with decompensated cirrhosis could engraft in livers of noncirrhotic recipients. Initially, the donor cells failed to expand or produce albumin, but after 2 months engrafted hepatocytes were able to nearly completely repopulate livers of retrorsine-treated analbuminemic rats. This report shows for the first time that hepatocytes from end-stage cirrhotic livers could recover secretory and replicative functionality when placed in a noncirrhotic liver environment. It would be fascinating to determine how the cirrhotic microenvironment impairs hepatocyte-specific metabolic, biosynthetic, and excretory functions. Such approaches are very exciting as they offer the promise of improving hepatocyte function outcomes, even when the specific cause of liver injury cannot be cured.
A major milestone in liver regeneration and cell-cell communication was the demonstration of the role of gap junctions in the prevention of fulminant hepatic failure and acetaminopheninduced hepatotoxicity. Elegant experiments by Patel et al. addressed the role of connexin 32 (Cx32) [32] , a key hepatic gap junction protein, during drug-induced liver injury. Studies showed that liver-specific gap junction inhibitors could limit liver injury caused by hepatotoxic drugs by affecting cell-cell communication [33 && ]. Cx32deficient (Cx32 À/À ) and wildtype mice were treated with either thioacetamide or acetaminophen to induce liver injury. Interestingly, Cx32 À/À mice were protected from liver injury. Moreover, treatment of wildtype mice with a small molecule inhibitor of Cx32 gap junctions produced a similar hepatic protective effect. These results implicate a role for gap junctions in mediating the damage response to liver injury. Thus, cellular communications between parenchymal cells of the liver may represent an interesting mechanism for enabling amplification of injury, making it a promising therapeutic target for hepatoprotection.
In recent years, a significant amount of attention has been drawn to the concept of the microenvironment and liver regeneration in an effort to better describe and predict the phenotypic characteristics of tissue repair. Improved understanding of the unique interplay between the various aspects of parenchymal cells, nonparenchymal cells, and the microenvironment will be useful in the search for novel therapeutic targets.
ORGAN ASSEMBLY AND REGENERATION
Despite the advantages of performing experiments on live animals, elucidation of signaling pathways and specific cell interactions in live animals and whole tissues has fundamental limitations. Whole organs are comprised of diverse cell types, and the data obtained from tissues does not represent parenchymal cells only. The techniques of liver cell isolation and hepatocyte culture, which were pioneered in the 1970s, were instrumental in helping to dissect the role of discrete populations of liver cells. One of the primary limitations of culturing primary cells in petri dishes, however, is that cell-cell interactions, as well as interactions between cells and the extracellular matrix are disrupted. New approaches seek to separate the cellular content of an organ from its stromal structure, a process called decellularization, which could facilitate the study of cellcell and cell-matrix interactions in an organlike environment.
The concept of perfusion decellularization of an organ was proposed and realized within the last decade [34 && ]. This approach utilizes the vascular bed as an efficient means to decellularize the intact organ by reducing the diffusion distance required for decellularization agents to reach the cells and facilitating the removal of the cellular material from the tissue by convective transport [35 & ]. This technique has allowed for the creation of acellular scaffolds that retain their natural vascular channels, which can be recellularized by infusion with defined populations of cells. Tissue engineered hearts, livers, and lungs have been decellularized using this strategy [34 && ,36,37 && , 38, 39] . The objective of the decellularization process is to maximize the removal of cellular material from the tissue, while minimizing damage and loss of target extracellular matrix components. To date, the criteria that define successful whole-organ decellularization are poorly understood, and techniques for optimized decellularization are not well established.
It is hypothesized that biological scaffolds derived from decellularized livers could provide a rich environment (in terms of three-dimensional architecture and distribution of extracellular matrix components) for liver cell culture [36,37 && ,38] . The native liver matrix presents an attractive model to study processes such as liver development and hepatic maturation, as well as complex interactions between parenchymal and nonparenchymal liver cells. For example, cell-cell interactions play an important role in regulating cell fate in numerous tissues [40, 41] , including the liver [35 & ,42] . The use of liver decellularization approaches followed by liver 'reassembly' with defined populations of liver cells would allow investigators to probe cell-cell interactions in an organ-like microenvironment. Additionally, from a structural point of view, the three-dimensional configuration and the unique stiffness provided in the decellularized organs have been shown to dramatically affect integrin-binding and cell fate decisions [43] .
Currently, a number of groups (including our own) are working to overcome the hurdles during each step of the decellularization and recellularization processes. For instance, because standardized procedures are essential to generate high-quality scaffolds, optimized protocols with measurable parameters for liver decellularization are under development. Additionally, the organ assembly process requires the use of multiple cell types that will eventually form an appropriate tissue structure. Real-time imaging techniques are needed to evaluate cell delivery and mobilization of different cell types during tissue assembly. Thus, liver assembly systems hold a great deal of promise, especially as we learn more about decellularizing existing livers and reconstructing them with defined populations of cells. In the future, this new technology could be used to construct artificial organs with similar architecture and functionality to normal organs that can be cultured, grown, and even transplanted.
CONCLUSION
Liver regeneration has been appreciated for centuries, and in the last few decades we have begun to understand how the process works. Recent efforts have focused on understanding the liver regeneration in the context of disease processes such as hepatocellular carcinoma and acute/chronic liver failure. A better understanding of the liver microenvironment and the processes by which all the liver cells coordinately respond to injury will likely translate into new therapies and diagnostic procedures for the detection and treatment of liver disease. Moreover, the use of innovative approaches, such as those outlined above, could also translate into strategies to prevent liver failure in at-risk patients. The ability to control liver regeneration has numerous potential applications. First, in liver cancer, aggressive hepatic resections are not practical because of the likelihood of developing hepatic failure as a consequence of insufficient hepatic mass. The use of pro-regenerative therapy should permit the removal of even greater amounts of liver tissue with reduced risk of hepatic failure. Secondly, in patients with inborn errors of metabolism, regenerative therapy could promote the repopulation of diseased livers by healthy-donor hepatocytes. Finally, in the context of living-donor liver transplantation, regenerative therapy could revolutionize living-donor liver transplantation. For instance, left-lateral grafts are currently considered insufficient for transplantation into adult recipients, but this approach may become a viable surgical option if performed in tandem with therapies that boost liver regeneration. In addition, liver transplantation procedures induce ischemia-reperfusion injury, an insult that likely induces some degree of liver regeneration. It will be interesting to rigorously determine how ischemia-reperfusion affects repopulation and regeneration, and, importantly, how these parameters can be manipulated to improve current liver therapies. In conclusion, new methodologies to studying the liver hold a great deal of promise; it will be exciting to see how these approaches contribute to improved strategies for the treatment and detection of disease.
